Abstract -Apis mellifera capensis, A. m. scutellata and their hybrids were screened by a sensitive Long PCR protocol for Wolbachia because this endosymbiont has been implicated in causing thelytoky in other Hymenoptera. Wolbachia was found in all workers of A. m. capensis examined, and in workers and drones of A. m. scutellata and in hybrid workers of these two subspecies. Cloning and sequencing indicated that all contained the same unique Wolbachia strain, named wCap-B1, which belongs to the Con Group because it displayed less than 2.5% sequence divergence from the reference strain from Tribolium confusum. wCap-B1 is closely related to Wolbachia from Diaphorina citri, Solenopsis invicta, Coleomegilla maculata lengi, Plutella xylostella, and Bemisia tabaci. Because no sequence differences were found among these bee populations, infection with this Wolbachia strain is unlikely to be associated with thelytoky in A. m. capensis.
INTRODUCTION
In most populations of Apis mellifera L., females are produced from fertilized queenlaid eggs while males are haploid and are produced from unfertilized queen-laid eggs. Unfertilized eggs also can be produced by worker honeybees under queenless conditions. In all races of Apis mellifera except the Cape honeybee, A. m. capensis Escholtz, these unfertilized eggs are produced by arrhenotokous parthenogenesis and give rise to haploid males (Ruttner, 1988) . In the case of workers of the Cape honeybee, however, unfertilized eggs are produced by thelytokous parthenogenesis and give rise to diploid females (Onions, 1912; Ruttner, 1988) . Some colonies of A. m. capensis and hybrids of A. m. capensis and A. m. scutellata Lepeletier exhibit both arrhenotokous and thelytokous worker reproduction (Hepburn and Crewe, 1991) .
The ability of Cape honeybee workers to produce female progeny is central to the 'Cape Honeybee Problem' in South Africa where, since 1990, A. m. capensis workers have invaded A. m. scutellata colonies, causing the loss of many tens of thousands of colonies (Allsopp, 1992; Oldroyd, 2002) . Research into the unique features of Cape honeybees has included investigating the genetic basis of thelytoky in A. m. capensis (Crewe and Allsopp, 1994) . The basis of the capensis phenotype 54 M.A. Hoy et al. has been studied by many (Oldroyd, 2002) . The genetics basis of the thelytoky could be due to either nuclear or cytoplasmic genetic factors, or interactions between them. One possibility is that the thelytoky is caused by Wolbachia in A. m. capensis.
Wolbachia is one of the most common cytoplasmically inherited microorganisms in arthropods and its effects on their hosts include altering sex ratio or inducing thelytoky (Rigaud and Rousset, 1996; O'Neill et al., 1997; Werren, 1997; Cook and Butcher, 1999) . Wolbachia are gram-negative bacteria and are widespread, with 17 to 76% of all arthropod species infected with one or more strains (Werren et al., 1995; Werren, 1997; Jeyaprakash and Hoy, 2000) . Wolbachia have been found in numerous species of Hymenoptera, including parasitoids and ants (Stouthamer, 1997; Cook and Butcher, 1999; Shoemaker et al., 2000; Wenseleers et al., 1998; Jeyaprakash and Hoy, 2000) . Wolbachia induces thelytoky in at least 40 species of Hymenoptera (Cook and Butcher, 1999) ; in a number of cases, the thelytokous insects have been 'cured' of Wolbachia after treatment with antibiotics or heat shock and arrhenotokous reproduction has been restored (Zchori-Fein et al., 1992; Cook and Butcher, 1999; Stouthamer, 1997) . However, the presence of Wolbachia in hymenopteran species does not always induce thelytoky and a full understanding of the evolution and physiological and phenotypic effects of Wolbachia on their arthropod hosts is lacking (Rigaud, 1999; Weeks et al., 2002) . Recently, for example, Dedeine et al. (2001) found that Wolbachia were necessary for oogenesis in the parasitoid Asobara tabida and its removal led to sterility, suggesting that the presence of Wolbachia in this species is obligatory.
The presence of Wolbachia in social Hymenoptera, including the Cape bee, was investigated by Wenseleers and Billen (2000) using a Standard PCR protocol to amplify 16S rDNA sequences from A. m. capensis and several species of ants, but they were unable to find Wolbachia in A. m. capensis. Because we had discovered that a Standard PCR protocol was six to eight orders of magnitude less sensitive than a Long PCR protocol in amplifying Wolbachia sequences from a diverse array of arthropod species (Jeyaprakash and Hoy, 2000 (Hepburn and Crewe, 1991) .
DNA extraction and PCR protocols
Single bees were used to extract DNA using Puregene reagents (Gentra Systems, Minneapolis, MN) and the genomic DNA was resuspended in 50 mL of sterile water. 1 mL genomic DNA preparation was used for PCR amplification.
Primers (30-mers, Wsp-F, 5'-TGGTCCAA TAAGTGATGAAGAAACTAGCTA-3' and Wsp-R, 5'-AAAAATTAAACGCTACTCCAGCTTCTGC AC-3') were designed from the Wolbachia wsp gene sequence of Drosophila simulans (GenBank [http:// www.ncbi.nlm.nih.gov] Accession AF020070) to amplify a variable region of about 0.6 kb (Braig et al., 1998) .
Standard PCR was performed by the hot start method in a 25 ml volume containing 10 mM Tris (Saiki, 1989) . The PCR was performed using 35 cycles, each consisting of denaturation at 94 °C for 30 s and annealing and extension at 72 °C for 1 min.
Long PCR was performed in a 50 mL volume containing 50 mM Tris (pH 9.2), 16 mM ammonium sulfate, 1.75 mM MgCl 2 , 350 mM dATP, dGTP, dCTP, dTTP, 800 picomoles of primers (Wsp-F and Wsp-R), 1 unit of Pwo and 5 units of Taq DNA polymerases (Barnes, 1994) . The DNA template, buffer and enzymes were mixed in 25 mL volume and combined with a 25 mL volume containing the primers and dNTPs; both mixes were kept on ice prior to starting the amplification. The Long PCR was carried out using three linked profiles over 36 cycles; (i) 1 cycle of denaturation at 94°C for 2 min, (ii) 10 cycles each consisting of denaturation at 94°C for 10 s, annealing at 65°C for 30 s and extension at 68°C for 1 min, and (iii) 25 cycles each consisting of denaturation at 94 °C for 10 s, annealing at 65 °C for 30 s and extension at 68°C for 1 min, plus an additional 20 s added for every consecutive cycle between 11 and 36.
The PCR products were electrophoresed on 2% agarose gels with TBE buffer with a Roche DNA size marker VI producing bands ranging from 2176 to 154 bp in lane I. Table I lists the site numbers and bees evaluated. DNA isolated from five bees each from sites 1, 2, 3, and 4 were amplified by both Long and Standard PCR protocols on Long PCR products were purified using QIAquick PCR purification column (QIAGEN Inc., Valencia, CA) and cloned into the plasmid pCR2.1-TOPO using the procedure suggested by the manufacturer (Invitrogen Corporation, Carlsbad, CA). DNA sequencing was performed at the University of Florida ICBR Core Facility using a PERKIN-ELMER Applied Biosystems ABI PRISM Automated DNA Sequencer. Clean laboratory practices, sealed pipette tips, and fresh reagents were used to avoid contamination. Negative controls (consisting of all components except the DNA template) were conducted on each date to detect potential contamination, but positive controls were not carried out to reduce the likelihood of contamination.
The wsp sequences obtained were compared with wsp sequences found by a BLAST search of GenBank.
RESULTS AND DISCUSSION

Wolbachia DNA amplification by Standard and Long PCR protocols
Amplification of wsp sequences from A. m. capensis, A. m. scutellata and a hybrid between them by the Standard PCR protocol with the wsp primers never produced a product (partial data shown in Fig. 1 ). Comparisons were made using the same DNA as a template for both the Standard and Long PCR protocols . m. capensis, A. m. scutellata and the hybrid of these two races on each of the three dates the bees were tested and by two different people. PCR products were never obtained in the no-DNA controls, indicating that contamination was not responsible for these positive results (partial data shown in Fig. 1) .
A sensitivity analysis conducted previously by Jeyaprakash and Hoy (2000) , using cloned wsp sequences, indicated that Long PCR is approximately six to eight times more sensitive than Standard PCR in amplifying Wolbachia wsp and 16S rDNA sequences from diverse arthropod species. Although Standard PCR protocols have been used widely to amplify Wolbachia sequences, little information is available on the frequency of false negatives. Long PCR amplifies cloned Wolbachia wsp sequences consistently when mixed with insect DNA, even when there are as few as 100 copies of the plasmid present (Jeyaprakash and Hoy, 2000) . Likewise, the Long PCR protocol was more sensitive than the Standard PCR when the nusG-rplK segment of a plantpathogenic bacterium (Liberobacter) was amplified from insects and citrus foliage (Hoy et al., 2001 ). The level of sensitivity obtained in these two prior experiments, along with the results of this survey of southern African bees, suggests that Long PCR is substantially more effective in amplifying microbial DNA when mixed with insect genomic DNA. Long PCR is effective in increasing sensitivity and fidelity (Barnes, 1994) ; whether the failure to detect Wolbachia in these bees by Standard PCR is due to inhibition of the reaction or to a low titer of Wolbachia is unknown.
Wolbachia sequence analysis
A Long PCR product from a site-1 bee (Robben Island drone, capensis) was cloned by A. Jeyaprakash and three clones were sequenced in February 2000. All three sequences were identical, indicating that there was only one type of Wolbachia present in this individual (Tab. II). Long PCR products from a bee from site-5 (Zimbabwe160 worker, pure scutellata) were cloned by J.M. Alvarez in September 2000 and two clones had identical sequences (Tab. II). The wsp sequences obtained on October 12, 2001 by A. Jeyaprakash were cloned and six independent transformants from each population (site-5, Zimbabwe 160 worker, pure scutellata; site-9, Stellen-bosch2 worker, pure capensis; and site-17, Grahamstown1 worker hybrids) were sequenced; all sequences were identical (Tab. II). Only one wsp sequence was obtained from the Long PCR products cloned from A. m. scutellata, A. m. capensis, and hybrids between them (sites 1, 5, 5, 9, 17) on three different dates by two different people. This consistency indicates that all populations and individuals tested had a single Wolbachia infection.
The Wolbachia wsp sequence is unique and was named wCap-B1 following the guidelines used by Zhou et al. (1998) . The sequence was submitted to Genbank under accession number AF510085. The wCap-B1 wsp sequence belongs Figure 1 . Long PCR was successful in amplifying the 0.6 kb wsp sequence of Wolbachia from five individuals of A. m. scutellata (lanes 9-13) from southern Africa, although the same DNA template when used in a Standard PCR protocol failed to yield a product (lanes 3-7). Lane 1 is DNA Marker VI and shows bands; lanes 2 and 8 are 'no template DNA' controls.
to the Con Group because it displayed less than 2.5% sequence divergence from the BWolbachia reference strain from Tribolium confusum (Coleoptera). The BLAST search indicated the w Cap-B1 wsp sequence is closely related to wsp sequences from Diaphorina citri, Homoptera; Solenopsis invicta, Hymenoptera; Coleomegilla maculata lengi, Coleoptera; Plutella xylostella, Lepidoptera; and Bemisia tabaci, Homoptera Jeyaprakash and Hoy, 2000; Nirgianaki et al., unpublished) .
The fact that the wsp sequences are identical could be due to relatively recent horizontal transfer between A. m. scutellata and A. m. capensis or to vertical transfer to these subspecies from a common ancestor. Because A. m. scutellata and A. m. capensis can interbreed (and their hybrid had an identical sequence) the evidence for horizontal transfer appears stronger than the evidence for vertical transfer from a common ancestor because we would expect some sequence variation, especially in the third codon through genetic drift, if the Wolbachia were present in the common ancestor. Additional species of Apis and subspecies of A. mellifera from different geographic regions will have to be examined to resolve this issue. Natural horizontal transfer of Wolbachia appears to be common, but little is known about the mechanism(s) (Cook and Butcher, 1999) .
The Wolbachia phenotype
Because individuals of A. m. scutellata, A. m. capensis , and their hybrid all tested positive for a single strain of Wolbachia, this strain of Wolbachia is unlikely to be the causal agent of thelytoky in A. m. capensis. Although we found no evidence that these bees contained more than one strain of Wolbachia, multiple infections are relatively common in arthropods (Jeyaprakash and Hoy, 2000) and thus additional strains of Wolbachia might be detected in future analyses of A. m. capensis. If A. m. capensis is found to contain a second strain of Wolbachia, it is possible that thelytoky could be due to it. However, parthenogenesis-inducing Wolbachia in parasitoids cause a failure in segregation during anaphase I, which restores diploidy with complete homozygosity (Stouthamer, 1997) and this is a different cytological mechanism than that reported for A. m. capensis (Verma and Ruttner, 1983) . Because Wolbachia is reported to cause other cytological distortions, including the terminal fusion of the pronucleus and polar body in the parasitoid Aphytis mytilaspidis (Rossler and DeBach, 1973; Stouthamer, 1997) , Wolbachia could be potentially involved in thelytoky in A. m. capensis.
Although some strains of Wolbachia are associated with cytoplasmic incompatibility, thelytoky, male killing and feminization, many arthropods infected with Wolbachia have no obvious phenotype associated with its presence (Jeyaprakash and Hoy, 2000; Weeks et al., 2002) . Unfortunately, investigations of the role this Wolbachia strain plays in the biology of its hosts will have to be deferred until it can be eliminated from the bees. Preliminary efforts (M. Allsopp, unpublished) to cure A. m. capensis colonies by feeding queens with 20 mg/mL of rifampicin or 20 mg/ml tetracycline failed due to the complete mortality of the treated individuals. Zchori-Fein et al. (2001) indiquent que d'autres bactéries sont susceptibles de provoquer la thélyto-kie et l'on a montré que de nombreux microorganismes agissaient sur la production de mâles chez les insectes (Weeks et al., 2002) . La capacité à induire la thélytokie n'est pas restreinte à Wolbachia, ni même aux Proteobacteria, auxquelles Wolbachia appartient ; une bactérie nouvellement découverte est affiliée au groupe Cytophaga-Flexibacter-Bacteroid (CFB) (ZchoriFein et al., 2001 
